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(57) ABSTRACT 

Method and apparatus for compensating for position slip in 
interface devices that may occur between a manipulandum 
and a sensor of the device due to a mechanical transmission. 
A device position delta is determined from a sensed position 
of a manipulandum of an interface device. It is determined if 
position slip has occurred caused by a change in position of 
the manipulandum that Was not sensed by a sensor of the 
interface device, typically caused by a mechanical transmis 
sion between sensor and manipulandum. If position slip has 
occurred, an error in the sensed position caused by the posi 
tion slip is corrected by adjusting the sensed position to take 
into account the position slip. The adjusted position delta is 
used as the position of the manipulandum and the display of 
objects controlled by the interface device are accordingly 
compensated. 

HOST COMPUTER SYSTEM 10 
r ————————————————— ——1 ,.-12 f] 

l 21\ I-’ 
I SYSTEM -18 l0 OUT- III_EA_R_ _ _ 1 
I CLOCK PUT DEVICE I I 

I6 20 | I 
I \ I I | I 
I HOST DISPLAY , _ ‘IA _ _ _ ‘ 

I PROCESSOR 2 I DEVICE ‘II "I 
| | I I 
L.____._ ___:::I:::::::::::I'———I I 

I I I 
I I I 
I I 

x24 I I 22 
I I - _ _ _I 

14 I FORCE FEEDBACK I < j; “ "I I 
I. 26 I INTERFACE DEVICE I I I 

I“”‘“ _7 ___________ "In"? II 
I l I I I 

LOCAL MICRO— I SENSOR ___ I | I ESSOR I INTER-FACE SENSORS I l I 
I I I_ I \ I \ I I I I I 
I L'I L" 36 39 34 I 28 | I I 
| ~I / \ | | l 
I I | J I FEEL | I 
I MEMORY I _I__ _I | 
I I - OTHER INPUT <1 MALIPULANDUM +_" I 

I 27 I I I IMANIP-I 
I I I I I ULATE I 
I L L___.._|_____I___J l _ '7 '7 T T _I | I 

I 29 33 I I I 
I I 

ACTUATOR __ SAFEIY _, I INTERFACE SWITCH ACIUATORS I 
I l 
._________I____g ______ __ 



Patent Application Publication Dec. 11, 2008 Sheet 1 0f 6 US 2008/0303789 A1 

HOST COMPUTER SYSTEM 10 
I~ ————————————————— —— I ,-I2 / 

I 21 ’ 

I SYSTEM -18 } AUIO OUT- __ IILEA_R_ .. .. 
I CLOCK PUT DEVICE I I 
I I6 20 l I 
I \ II II I I 

HOST DISPLAY __ __ w _ _ _. 

I PROCESSOR + I ' DEVICE ‘I "I 
I I I I 

L.._.___.I_____.::::I:::::::::::::I'——"I I I 
I I I 
I I 

f24 I I 22 
I "—'"'I 

14 I FORCE FEEDBACK I "I I 
I‘ 26 I INTERFACE DEVICE I I I 

IML'TH _I ___________ uI'uu'I II 
I I I I 

LOCAL MICRO- AI SENSOR 4 I I I PROCESSOR I INTER-FACE ‘ SENSORS I I I 
I II I I I__ I \ I \ I I I I I 
I I___I I ___ 5s 39 34 I 28 I I I 
I II ‘I / \ I I I 
I MEMORY I _I__ ,I I 
I \ I OTHER INPUT <1I MALIPULANDUM +___? _I 
I 27 I I I IMANIP-I 
I CLOCK I I ______ _ _ IIII’IEJI 
I \ I---—-—I I I 
I I I I I 
I I 

ACTUATOR _ SAFETY _ 
I INTERFACE ' SwITCII ACIUATORS I 
I I 

LI_____.__.__II_._._.____I_____._%_ _ _ _ _ _ _ _._.SIV____..J 
I I 41 30 
I POWER I 

I SUPPLY ‘T40 



Patent Application Publication Dec. 11, 2008 Sheet 2 0f 6 US 2008/0303789 A1 



Patent Application Publication Dec. 11, 2008 Sheet 3 0f 6 US 2008/0303789 A1 



Patent Application Publication Dec. 11, 2008 Sheet 4 0f 6 US 2008/0303789 A1 

DETERMINE DEVICE 
POSITION DELTA "'204 

‘' DETERMINE COMPUTATION 
206 NO \-I SLIP DETECTED? VALUE USING N208 

POSITION DELTA 
YES 

II 

UPDATE DEVICE 
POSITION BASED ON N209 

SLIP AMOUNT 

II 

DETERMINE COMPUTATION 
VALUE IGNORING SLIPPED x210 

POSITION DELTA 

II 

COMPENSATE COMPUTATION 
VALUE IF POSITION VALUE @212 

IS AT A DEVICE LIMIT 

II 

USE COMPUTATION 
VALUE FOR DISPLAY, ECT. “214 

FIG.4 



Patent Application Publication US 2008/0303789 A1 Dec. 11, 2008 Sheet 5 0f 6 

( START R232 
234 

V 

EDGE DETECTED 0N 
REFERENCE 

SENSOR OUTPUT? 

YES 

READ POSITION VALUE FROM 
POSITION SENSOR AND STORE 

V 

DETERMTNE WHICH REFERENCE 
LOCATION WAS DETECTED 

V 

242 FIRST TIME THAT YES STORE 
REFERENCE LOCATION POSITION 

SENSED? VALUE 

NO \ 
‘I 244 

COMPARE POSITION VALUE To 
246\ PREVIOUSLY STORED POSITION 

VALUE AT THIS REFERENCE 
LOCATION 

T 

248\ SLIP AMOUNT=D|FFERENCE 
25C BETWEEN POSITION VALUE 252 

SUP DETECTED; " No 

STORT’ATTEFERENCE TEN’ TTTMR()E%WOLT)° SUP 
POSITION VALUES ' DETECTED 
WITH SUP AMOUNT 

250 256 



Patent Application Publication Dec. 11, 2008 Sheet 6 0f 6 US 2008/0303789 A1 

( START yzsz / 
II 

DETERMINE DEvIcE 
POSITION DELTA “T284 288 

X 
I ERRoR VALUE YES 

286% LIP DETECTED? )-> = ERRoR VALUE 
S +SLIP AMOUNT 

NO 

II 

No ERROR VALUE 290 
a: 0'? 

YES 
IT 

NO MANIPULANOUM 292 
IS MOVING? 

[YES I 

ADJUST POSITION 
298 DELTA BASED ON /294 
\ I ERRoR VALUE 

USE POSITION 
DELTA TO I 
DETERMINE 

ADJUST ERROR 296 COMPUTATION VALUE f 
VALUE 

II 

FIG.6 



US 2008/0303789 A1 

METHOD AND APPARATUS FOR 
COMPENSATING FOR POSITION SLIP IN 

INTERFACE DEVICES 

CROSS-REFERENCES TO RELATED 
APPLICATION 

[0001] This application is a continuation of co-pending 
US. patent application Ser. No. 10/995,586 ?led Nov. 23, 
2004, entitled “Method and Apparatus for Compensating for 
Position Slip in Interface Devices,” Which is a continuation of 
US. Pat. No. 6,903,721, ?led May 12, 2000, entitled 
“Method and Apparatus for Compensating for Position Slip 
in Interface Devices,” Which claims priority to US. Provi 
sional Patent Application No. 60/133,586, ?led May 11, 
1999, all of Which are incorporated herein by reference in 
their entirety. 

BACKGROUND 

[0002] The present invention relates generally to sensing 
techniques for human-computer interface devices. 
[0003] Using an interface device, a user can interact With an 
environment displayed by a computer system to perform 
functions and tasks on the computer, such as playing a game, 
experiencing a simulation or virtual reality environment, 
using a computer aided design system, operating a graphical 
user interface (GUI), or otherWise in?uencing events or 
images depicted on the screen. Common human-computer 
interface devices used for such interaction include a joystick, 
mouse, trackball, steering Wheel, stylus, tablet, pressure-sen 
sitive ball, or the like, that is connected to the computer 
system controlling the displayed environment. 
[0004] In some interface devices, haptic feedback is also 
provided to the user, also knoWn as “force feedback.” These 
types of interface devices can provide physical sensations 
Which are felt by the user manipulating the physical object of 
the interface device. For example, the Force-PX joystick con 
troller from CH Products, Inc. or the Wingman Force joystick 
from Logitech may be connected to a computer and provides 
forces to a user of the controller. Other systems might use a 
force feedback mouse controller. One or more motors or other 

actuators are used in the device and are connected to the 
controlling computer system. The computer system controls 
forces on the force feedback device in conjunction and coor 
dinated With displayed events and interactions on the host by 
sending control signals or commands to the force, feedback 
device and the actuators. 
[0005] In both force feedback devices and non-force feed 
back devices, it is important to accurately sense the position 
of the manipulandum moved by the user so that interactions 
displayed on the screen are accurately portrayed. Further 
more, the determination of forces in force feedback devices 
often depends on the position of the manipulandum so that 
accurate sensed position is critical for realistic force feed 
back. 
[0006] Thus, all interface devices require some sort of posi 
tion sensor (or sensors) in order to read the input position of 
the manipulandum (“end effector”). Sometimes the position 
sensors are connected directly to the end effector itself. HoW 
ever, in other cases the sensor is actually connected through a 
mechanical transmission to the end effector. For example, a 
gear transmission, capstan drive (cable) transmission, or belt 
drive transmission can be used. The purpose of the transmis 
sion, as far as the position sensor is concerned, is to amplify 
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the range of motion that the sensor can detect and alloW the 
use of loWer resolution sensors, Which are typically less 
expensive. A mechanical transmission may also be used to 
amplify forces output by the actuators of the force feedback 
device. The transmission for a sensor can be the same trans 
mission as an actuator uses; several different joystick devices 
use this method, such as the device described in copending 
patent application Ser. No. 09/138,304, Which provides a, 
sensor connected to an, actuator shaft. In other devices, an 
independent mechanical transmission dedicated to the sensor 
can be used. 

[0007] In either of these cases, there is the possibility of 
position slip occurring in the transmission, Where the end 
effector moves some distance Without the sensor detecting 
that movement or inaccurately detecting that movement; e. g., 
a gear skips teeth, a belt or cable slips on a pulley, etc. When 
a relative position sensor is used in the device, such as a 
quadrature encoder, this position slip should be detected or 
the device Will be unable to determine an accurate position for 
the end effector When slip occurs. The problem is ampli?ed 
for force feedback devices because they often operate in a 
limited Workspace and depend on the ability to determine the 
absolute device position in the limited Workspace. Further 
more, some forces output by the device are based on an 
accurate position of the manipulandum, so that the forces can 
become discontinuous or distorted if position slip occurs. 

SUMMARY 

[0008] The present invention provides a method and appa 
ratus for compensating for position slip in interface devices 
that may occur betWeen a manipulandum and a sensor of the 
device due to a mechanical transmission. More accurate sens 
ing of manipulandum position and smooth display of con 
trolled objects based on manipulandum position are achieved. 
[0009] More speci?cally, a method for correcting for slip 
page in a position sensing system of an interface device 
coupled to a host computer includes determining a device 
position delta from a sensed position of a manipulandum of 
the interface device in a degree of freedom. The position delta 
indicates a change in position of the manipulandum. It is 
determined if position slip has occurred in the position sens 
ing system, Where the position slip is caused by a change in 
position of the manipulandum that Was not sensed by a sensor 
of the interface device. The position slip is typically caused by 
a mechanical transmission provided betWeen the sensor and 
manipulandum, such as a gear drive, a belt drive, and a cap 
stan drive. If position slip has occurred, an error in the sensed 
position caused by the position slip is corrected by adjusting 
the sensed position to take into account the position slip. The 
adjusted position delta is used as the position of the manipu 
landum. 
[0010] Preferably, the determining if the slip has occurred 
includes checking a reference signal from a reference sensor 
included on the interface device, the reference sensor detect 
ing a position of a reference location coupled to the manipu 
landum. A computation value is preferably determined from 
the device position delta, Where a display of the host computer 
is updated based on the computation value. In one method, the 
computation value is not adjusted With the device position 
delta When the position slip is detected, alloWing smoother 
display of graphical objects. In some embodiments, a force 
having a magnitude and direction is determined at least par 
tially based on the computation value, and Where the force is 
output by an actuator included in the interface device. Pref 
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erably, the computation value is modi?ed to compensate for 
an offset betWeen device position and screen position that 
may occur due to the position slip and the adjustment of 
computation value. For example, a user-controlled object 
displayed by the host computer can be alloWed to continue to 
be moved after the manipulandum has reached a limit to a 
Workspace of the manipulandum, Where the user-controlled 
object continues to be moved in a direction corresponding to 
a direction of the manipulandum into the limit. 
[0011] In another method, the determining of a device posi 
tion, determining if a position slip has occurred, and correct 
ing an error are performed over several iterations, and the 
sensed position is adjusted or corrected by an amount Which 
gradually reduces the error in the sensed position over those 
iterations. The adjusting of the sensed position in this fashion 
is preferably not performed if the manipulandum is not mov 
ing in the degree of freedom. 
[0012] In another aspect of the present invention, an inter 
face device provides input to a host computer based on 
manipulations of a user. The interface device includes a 
manipulandum physically contacted by the user and movable 
in at least one degree of freedom. A position sensor detects a 
position of the manipulandum in the degree of freedom. A 
mechanical transmission is coupled betWeen the manipulan 
dum and the position sensor, and a reference sensor detects 
the motion of at least one reference location coupled to the 
manipulandum, the reference sensor providing a reference 
signal used to determine if position slip has occurred betWeen 
the manipulandum and position sensor. One or more actuators 
can be provided to output forces for force feedback devices. A 
local microprocessor can receive the reference signal and 
adjust the detected position of the manipulandum to compen 
sate for the position slip. The local microprocessor can also 
determines a computation value from a position delta, Where 
the computation value is adjusted if the position slip has 
occurred. The computation value provided to the host com 
puter to update a display of the host computer and can be used 
to update output forces and other values. 
[0013] The present invention advantageously provides a 
sensing system that takes advantage of the increased sensing 
resolution offered by the use of mechanical transmissions 
such as gear drives and belt drives, and yet accurately com 
pensates for the inaccurate sensing that may occur When 
using such transmissions due to position slip. 
[0014] These and other advantages of the present invention 
Will become apparent to those skilled in the art upon a reading 
of the folloWing speci?cation of the invention and a study of 
the several ?gures of the draWing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 is a block diagram of system including an 
interface device and host computer for use With the present 
invention; 
[0016] FIG. 2 is a top plan vieW ofan example ofa force 
feedback interface device suitable for use With the present 
invention; 
[0017] FIG. 3 is a perspective vieW of a reference sensor of 
the present invention for detecting position slip; 
[0018] FIG. 4 is a How diagram illustrating a ?rst method of 
the present invention for compensating for position slip in 
interface devices; 
[0019] FIG. 5 is a How diagram illustrating a method for 
detecting position slip and the amount of slip; and 
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[0020] FIG. 6 is a How diagram illustrating a second 
method of the present invention for compensating for position 
slip in interface devices. 

DETAILED DESCRIPTION 

[0021] FIG. 1 is a block diagram illustrating a force feed 
back interface system 10 suitable for use With the present 
invention controlled by a host computer system. Interface 
system 10 includes a host computer system 12 and an inter 
face device 14. 
[0022] Host computer system 12 can be a personal com 
puter, such as an IBM-compatible or Macintosh personal 
computer, or a Workstation, such as a SUN or Silicon Graph 
ics Workstation. Alternatively, host computer system 12 can 
be one of a variety of home video game systems, such as 
systems available from Nintendo, Sega, or Sony, a television 
“set top box” or a “netWork computer”, etc. Host computer 
system 12 preferably implements a host application program 
With Which a user 22 is interacting via peripherals and inter 
face device 14. For example, the host application program can 
be a video or computer game, medical simulation, scienti?c 
analysis program, operating system, graphical user interface, 
or other application program that utiliZes force feedback. 
Typically, the host application provides images to be dis 
played on a display output device, as described beloW, and/or 
other feedback, such as auditory signals. 
[0023] Host computer system 12 preferably includes a host 
microprocessor 16, a clock 18, a display screen 20, and an 
audio output device 21. Microprocessor 16 can be one or 
more of any of Well-knoWn microprocessors. Random access 
memory (RAM), read-only memory (ROM), and input/out 
put (I/O) electronics are preferably also included in the host 
computer. Display screen 20 can be used to display images 
generated by host computer system 12 or other computer 
systems, and can be a standard display screen, CRT, ?at-panel 
display, 3-D goggles, or any other visual interface. Audio 
output device 21, such as speakers, is preferably coupled to 
host microprocessor 16 via ampli?ers, ?lters, and other cir 
cuitry Well knoWn to those skilled in the art (eg in a sound 
card) and provides sound output to user 22 from the host 
computer 12. Other types of peripherals can also be coupled 
to host processor 16, such as storage devices (hard disk drive, 
CD ROM/DVD-ROM drive, ?oppy disk drive, etc.), printers, 
and other input and output devices. Data for implementing the 
interfaces of the present invention can be stored on computer 
readable media such as memory (RAM or ROM), a hard disk, 
a CD-ROM or DVD-ROM, etc. 
[0024] An interface device 14 is coupled, to host computer 
system 12 by a bidirectional bus 24. The bidirectional bus 
sends signals in either direction betWeen host computer sys 
tem 12 and the interface device. An interface port of host 
computer system 12, such as an RS232 or Universal Serial 
Bus (U SB) serial interface port, parallel port, game port, etc., 
connects bus 24 to host computer system 12. Alternatively, a 
Wireless communication link can be used. 
[0025] Interface device 14 can include a local microproces 
sor 26, sensors 28, actuators 30, a user object 34, optional 
sensor interface 36, an optional actuator interface 38, and 
other optional input devices 39. Local microprocessor 26 is 
coupled to bus 24 and is considered local to interface device 
14 and is dedicated to sensor I/O and force feedback (if 
provided) of interface device 14. Microprocessor 26 can be 
provided With softWare instructions to Wait for commands or 
requests from computer host 12, decode the command or 
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request, and handle/control input and output signals accord 
ing to the command or request. In addition, processor 26 
preferably operates independently of host computer 12 by 
reading sensor signals and, if appropriate, calculating appro 
priate forces in accordance With a host command. Suitable 
microprocessors for use as local microprocessor 26 include 
the MC68HC711E9 by Motorola, the PlCl6C74 by Micro 
chip, and the 82930AX by Intel Corp., for example. Micro 
processor 26 can include one microprocessor chip, or mul 
tiple processors and/or co-processor chips, and/or digital 
signal processor (DSP) capability. 
[0026] Microprocessor 26 can receive signals from sensors 
28 and provide signals to actuators 15' 30 of the interface 
device 14 in accordance With instructions provided by host 
computer 12 over bus 24. For example, in a preferred local 
control embodiment, host computer 12 provides high level 
supervisory commands to microprocessor 26 over bus 24, and 
microprocessor 26 manages loW level force control loops to 
sensors and actuators in accordance With the high level com 
mands and independently of the host computer 12. The force 
feedback system thus provides a host control loop of infor 
mation and a local control loop of information in a distributed 
control system. This operation is described in greater detail in 
US. Pat. No. 5,734,373, incorporated herein by reference. 
Microprocessor 26 can also receive commands from any 
other input devices 39 included on interface apparatus 14, 
such as buttons, and provides appropriate signals to host 
computer 12 to indicate that the input information has been 
received and any information included in the input informa 
tion. Local memory 27, such as RAM and/or ROM, is pref 
erably coupled to microprocessor 26 in interface device 14 to 
store instructions for microprocessor 26 and store temporary 
and other data. In addition, a local clock 29 can be coupled to 
the microprocessor 26 to provide timing data. 
[0027] Sensors 28 sense the position, motion, and/or other 
characteristics of a user object 34 of the interface device 14 
along one or more degrees of freedom and provide signals to 
microprocessor 26 including information representative of 
those characteristics. Rotary or linear optical encoders, ana 
log potentiometers, photodiode or photoresistor sensors, 
velocity sensors, acceleration sensors, strain gauge, or other 
types of sensors can be used. Sensors 28 provide an electrical 
signal to an optional sensor interface 36, Which can be used to 
convert sensor signals to signals that can be interpreted by the 
microprocessor 26 and/or host computer system 12. 
[0028] Actuators 30 can be included in some interface 
devices to transmit forces to manipulandum 34 or housing of 
the interface device 14 in one or more directions along one or 
more degrees of freedom in response to signals received from 
microprocessor 26. Actuators 30 can include tWo types: 
active actuators and passive actuators. Active actuators 
include linear current control motors, stepper motors, pneu 
matic/hydraulic active actuators, a torquer (motor With lim 
ited angular range), voice coil actuators, and other types of 
actuators that transmit a force to move an object. Passive 
actuators can also be used for actuators 30, such as magnetic 
particle brakes, friction brakes, or pneumatic/hydraulic pas 
sive actuators. Actuator interface 38 can be optionally con 
nected betWeen actuators 30 and microprocessor 26 to con 
vert signals from microprocessor 26 into signals appropriate 
to drive actuators 30. 

[0029] Other input devices 39 can optionally be included in 
interface device 14 and send input signals to microprocessor 
26 or to host processor 16. Such input devices can include 
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buttons, dials, sWitches, levers, or other mechanisms. For 
example, in embodiments Where user object 34 is a joystick, 
other input devices can include one or more buttons provided, 
for example, on the joystick handle or base. PoWer supply 40 
can optionally be coupled to actuator interface 38 and/or 
actuators 30 to provide electrical poWer. A safety sWitch 41 is 
optionally included in interface device 14 to provide a mecha 
nism to deactivate actuators 30 for safety reasons. 

[0030] Manipulandum (“end effector” or “user object”) 34 
is a physical object, device or article that may be grasped or 
otherWise contacted or controlled by a user and Which is 
coupled to interface device 14. By “grasp”, it is meant that 
users may releasably engage, contact, or grip a portion of the 
manipulandum in some fashion, such as by hand, With their 
?ngertips, or even orally in the case of handicapped persons. 
The user 22 can manipulate and move the object along pro 
vided degrees of freedom to interface With the host applica 
tion program the user is vieWing on display screen 20. 
Manipulandum 34 can be a joystick, mouse, trackball, stylus 
(eg at the end of a linkage), steering Wheel, sphere, medical 
instrument (laparoscope, catheter, etc.), pool cue (e.g. mov 
ing the cue through actuated rollers), hand grip, knob, button, 
or other object. Mechanisms Which may be used to provide 
the degrees of freedom to the user object include gimbal 
mechanisms, slotted yoke mechanisms, ?exure mechanisms, 
etc. Various embodiments of suitable mechanisms are 
described in US. Pat. Nos. 5,767,839, 5,721,566, 5,623,582, 
5,805,140, 5,825,308, and patent application Ser. Nos. 
08/965,720, 09/058,259, and 09/l38,304, all incorporated 
herein by reference. 
[0031] A mechanical transmission can be connected 
betWeen the actuator and the manipulandum and/ or betWeen 
the sensor and the manipulandum. The invention described 
herein is most suitable for devices including a transmission 
betWeen the sensor and the manipulandum, since the trans 
mission typically causes the most position slip in the device. 
Mechanical transmissions can include belt drive transmis 
sions, capstan (cable) drive transmissions, and gear transmis 
sions, many of Which are described in greater detail in the 
patents and patent applications incorporated above. Further 
more, other compliance issues that may occur are described in 
copending patent application Ser. No. 09/ 138,309, incorpo 
rated herein by reference. 
[0032] FIG. 2 is a top plan vieW of one example of a interior 
portion 50 of a force feedback mouse interface device 14 that 
can make use of the present invention. Mouse 54 (shoWn in 
dashed lines) is the manipulandum 34 Which the user grasps 
and moves in planar degrees of freedom, similar to a tradi 
tional mouse. A mouse device similar to mouse device 50 is 
described in copending application Ser. Nos. 08/ 881 ,691 and 
08/ 965,720, both incorporated herein by reference. Unlike a 
traditional mouse, mouse 54 has hard limits to its motion in its 
planar Workspace due to it being attached to the mechanical 
linkage, described beloW. 
[0033] Mechanical linkage 52 provides support for a mouse 
54 and couples the mouse to a grounded surface 56, such as a 
tabletop or other support. Linkage 60 is, in the described 
embodiment, a 5-member (or “5-bar”) linkage including a 
ground member 62 (the base), a ?rst base member 64 coupled 
to ground member 62, a second base member 68 coupled to 
ground member 62, a ?rst link member 66 coupled to base 
member 64, and a second link member 70 coupled to link 
member 66 and base member 68. Mouse 54 is coupled to the 
linkage at the coupling betWeen link members 66 and 70. 
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Ground member 62 of the linkage 60 is a base for the support 
of the linkage and is coupled to or resting on ground surface 
56. FeWer or greater numbers of members in the linkage can 
be provided in alternate embodiments. 
[0034] The members of linkage 60 are rotatably coupled to 
one another through the use of rotatable pivots or bearing 
assemblies having one or more bearings, all referred to as 
“bearings” herein. Base member 64 is rotatably coupled to 
ground member 62 by a grounded bearing 72 and can rotate 
about an axis A. Link member 66 is rotatably coupled to base 
member 64 by bearing 74 and can rotate about a ?oating axis 
B, and base member 68 is rotatably coupled to ground mem 
ber 62 by bearing 72 and can rotate about axis A. Link mem 
ber 70 is rotatably coupled to base member 68 by bearing 76 
and can rotate about ?oating axis C, and link member 70 is 
also rotatably coupled to link member 66 by bearing 78 such 
that link member 70 and link member 66 may rotate relative 
to each other about ?oating axis D. In an alternate embodi 
ment, link member 66 can be coupled at its end to a mid 
portion of link member 70 and mouse 54 can be coupled to the 
end of link member 70. Mouse 54 in the preferred embodi 
ment is coupled to link members 66 and 70 by rotary bearing 
78. 

[0035] Linkage 60 is formed as a ?ve-member closed-loop 
chain. Each member in the chain is rotatably coupled to tWo 
other members of the chain. The ?ve-member linkage is a 
planar linkage that is arranged such that the members can 
rotate about their respective axes to provide mouse 54 With 
tWo degrees of freedom, i.e., mouse 54 can be moved Within 
a planar Workspace de?ned by the x-y plane, Which is de?ned 
by the x- and y-axes. 
[0036] Sensors 82a and 82b collectively sense the move 
ment of the mouse 54 in the provided degrees of freedom and 
send appropriate signals to the electronic portion of interface 
device 14. Sensor 82a senses movement of link member 68 
about axis A, and sensor 82b senses movement of base mem 
ber 64 about axis A. These sensed positions about axis A 
alloW the determination of the position of mouse 54 using 
knoWn constants such as the lengths of the members of link 
age 60 and using Well-known coordinate transformations. 
Sensors 82, as described, use gear transmissions and thus can 
be subject to slip With respect to the manipulandum. The 
sensors are described in greater detail beloW With respect to 
FIG. 3. 

[0037] Actuators 84a and 84b to transmit forces to mouse 
54 in space, i.e., in tWo (or more) degrees of freedom of the 
user object. In the preferred embodiment, actuators 84a and 
84b are electromagnetic voice coil actuators Which provide 
force through the interaction of a current in a magnetic ?eld. 
These types of actuators are described in detail in patent 
application Ser. Nos. 08/560,091, 08/881,691, and 08/965, 
720, all incorporated by reference herein. In other embodi 
ments, other types of actuators can be used, both active and 
passive, such as DC motors, pneumatic motors, passive fric 
tion brakes, passive ?uid-controlled brakes, etc. 
[0038] The housing plate of a grounded portion of actuator 
84a is rigidly coupled to ground member 62 (or grounded 
surface 56) and a moving portion of actuator 84a (preferably 
a coil) is integrated into the base member 64. The actuator 84a 
transmits rotational forces to base member 64 about axis A. 
The housing plate of the grounded portion of actuator 84b is 
rigidly coupled to ground member 62 or ground surface 56 
through the grounded housing of actuator 84b, and a moving 
portion (preferably a coil) of actuator 84b is integrated into 
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base member 68. Actuator 84b transmits rotational forces to 
link member 68 about axis A. The combination of these 
rotational forces about axis A alloWs forces to be transmitted 
to mouse 54 in all directions in the planar Workspace provided 
by linkage 60 through the rotational interaction of the mem 
bers oflinkage 60. 
[0039] Base member 64 includes an integrated coil portion 
9011 on Which a Wire coil 92a is provided; Wire coil 9211 
includes at least tWo loops of Wire Wound on a portion 9011, 
eg 222 loops, in the described embodiment, are Wound like 
a spool about a center portion of portion 90a. Terminals (not 
shoWn) from Wire coil 82a to the electronic portion of the 
interface device are provided so that host computer. 18 or 
local microprocessor 26 can control the direction and/or mag 
nitude of the current in Wire coil. 
[0040] Voice coil actuator 8411 also includes a magnet 
assembly 9811, Which is grounded and preferably includes 
four magnets 100a and a ?ux plate 102a Opposite polarities 
of magnets 100 face each other, such that coil 92a is posi 
tioned betWeen opposing polarities on either side of the coil. 
The magnetic ?ux guide surrounding the magnets is provided 
as, in the described embodiment, metal plate 102a provided 
on the top side of the magnets 100a and metal base plate 85 
provided on the bottom side of the actuator 84a. Plates 102a 
and 85 house actuator 84a to alloW magnetic ?ux from mag 
nets 10011 to travel from one end of the magnets 10011 to the 
other end. 
[0041] The magnetic ?elds from magnets 90a interact With 
a magnetic ?eld produced from Wire coil 8211 When current is 
?oWed in coil 82a, thereby producing forces on member 64. 
The magnitude or strength of the force is dependent on the 
magnitude of the current that is applied to the coil, the number 
of loops in the coil, and the magnetic ?eld strength of the 
magnets. The direction of the force depends on the direction 
of the current in the coil; the force can be applied in either 
direction about axis A. Force can thus be applied to member 
64 and through member 66, thereby applying force to mouse 
54 in the x-y plane Workspace of the mouse. Stop supports 91 
can be provided at each end of the range of motion of the 
member 64 about axis A to provide a limited angular range. 
[0042] Voice coil actuator 64b operates similarly to actua 
tor 64a. A current is ?oWed through coil 82b to cause inter 
action With a magnetic ?eld from magnets 100b of magnet 
assembly 98b Which is similar to the magnet assembly 9811 
described above, and inducing magnetic forces that rotate 
portion 90b of base member 68 about axis A. This causes 
forces to be applied to mouse 54 in the x-y Workspace of the 
mouse through the member 68 and member 70. 
[0043] In alternate embodiments, the mechanical linkage 
60 can be replaced by other mechanical linkages or structures 
Which can provide desired degrees of freedom. For example, 
linear motion can be provided. In other embodiments, other 
types of actuators may be used in place of or in addition to 
actuators 84 of the interface device. For example, the linkage 
can be driven by a direct drive DC motor or a geared/belt DC 
motor to provide mechanical advantage. 

Sensing Position Slip in Interface Devices 

[0044] In some interface devices, slip may occur betWeen 
the sensor and the manipulandum, Where the manipulandum 
is moved and the sensor does not detect or detects inaccu 
rately the movement of the manipulandum in one or more 
degrees of freedom of the manipulandum. Slip is often a 
greater problem When a mechanical transmission is provided 



US 2008/0303789 A1 

between the sensor and the manipulandum. Mechanical 
transmissions are typically provided in such a con?guration 
to amplify the motion of a moving sensor member (such as an 
encoder Wheel) for a given amount of motion of the manipu 
landum, thereby increasing the sensing resolution of the sen 
sor. Examples of such mechanical transmissions include gear 
drives, belt drives, and capstan drives. 
[0045] Slip can cause problems in the display of graphical 
objects or interactions on a display screen of computer 
device, since the host computer controlling the display 
assumes the manipulandum is in a particular position When it 
may actually be in a different position; the difference is due to 
the slip. Furthermore, With respect to force feedback interface 
devices, many types of force sensations output by the device, 
such as spring forces, damping forces, attractive forces, tex 
ture forces, periodic forces activated based on position, etc., 
depend at least in part on the position of the manipulandum 
and can be distorted to varying degrees if slip occurs. 
[0046] The present invention detects slip so as to reduce or 
eliminate these undesired effects. One aspect of the present 
invention for detecting the slip in a device uses a reference 
sensor (or “index sensor”) that is connected directly to the 
manipulandum. In a simple case, this sensor can provide a 
digital ?ag signal that changes state When the, manipulandum 
travels past a predetermined location (or one of several dif 
ferent locations) in its range of travel or Workspace. The 
important aspect of the reference sensor is that it is connected 
to the manipulandum “before” any mechanical transmission, 
i.e. there is no transmission mechanism betWeen the reference 
sensor and the manipulandum. It is therefore not possible to 
generate transmission-induced slippage betWeen the manipu 
landum and the reference sensor. In general, there is prefer 
ably one reference sensor for each degree of freedom of the 
manipulandum that is sensed on the device. 
[0047] One example of a reference sensor is an emitter/ 
detector pair similar to those used in standard optical encod 
ers. This sensor can be used, for example, to detect the edges 
of a “?ag,” e.g., a reference location such as a mark, edge, or 
other distinguishing feature, as it moves past the sensor posi 
tion. Multiple ?ags can be used to generate several possible 
different index locations that are sensed during the motion of 
the manipulandum. 
[0048] FIG. 3 is a perspective vieW illustrating one embodi 
ment of the reference sensor of the present invention in use 
With the force feedback mouse embodiment shoWn in FIG. 2. 
A mechanical member 101 is directly connected to the 
manipulandum With no mechanical transmission positioned 
therebetWeen. Member 101, for example, is shoWn as the end 
of a mechanical member 64 or 68 of the force feedback mouse 
device shoWn in FIG. 2, in Which a Wire coil is coupled to the 
member to pass through a magnetic ?eld and generate a force 
on the manipulandum. Member 1 01 rotates about an axis A as 
shoWn by arroWs 107. 

[0049] At one end ofmember 101 is sensor 6211 or 62b as 
shoWn in FIG. 2, Which includes a gear transmission mecha 
nism 103. Mechanism 103 includes teeth 104 coupled to the 
member 101 and a gear 106 Whichiincludes gear teeth 
aboutiits circumferential surface that interlock With the 
teeth 104. When member 101 moves, gear 106 thus rotates 
about axis E. Gear 106 is rigidly coupled to an encoder disk 
108 by a shaft 110, Where the encoder disk includes a number 
of marks or slots 112 that rotate through one or more emitter 
detectors 114. The emitter-detectors 114 sense the motion of 
member 101 by detecting the passage of the marks or slots 
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(“counts”), as is Well knoWn to those skilled in the art. Gear 
106 can be biased to engage the teeth 104 by a pivotable 
spring-loaded member 116 Which presses the gear 106 to 
engage the teeth 104 and pivots about a grounded coupling 
105. 
[0050] A reference sensor of the present invention can take 
many forms. One embodiment provides a grounded emitter 
120 and a grounded detector 122 positioned on opposite sides 
of the member 101 someWhere in the range of motion of the 
member, such as approximately in the center of the range of 
motion. The emitter 120 emits a beam 124 that is blocked by 
the member 101 from reaching the detector 122. An aperture 
126 is placed in the member 101, the aperture extending the 
entire thickness t of the member and alloWing the beam 124 to 
reach the detector 122 When the member 101 is in a position 
placing the aperture 126 directly in the path of the beam 124. 
Thus, the detector Will detect a change in state (producing a 
signal edge) three times during a motion in a single direction, 
assuming the member 101 starts in a position completely 
outside the beam: When one (or either) outside edge or side 
127 of the member 101 moves to block the beam, When a 
?rst-encountered physical edge of the aperture 126 alloWs the 
beam to be transmitted, and When the second-encountered 
physical edge of the aperture 126 again blocks the beam in 
other embodiments, a different number of changes in state 
can be detected; for example, only the side of the member 101 
need be detected. 
[0051] Alternatively, other reference sensors can be used. 
For example, one or more members can be placed extending 
out from the member 101, Where the extending members 
successively moves through an emitted horizontally-aligned 
beam of an optical sensor as the member 101 moves. Other 
types of optical sensors, such as phototransistor, photodiode, 
and photoresistor sensors, can be used. Magnetic sensors can 
also be used in some embodiments. 

[0052] It should be noted that, in other embodiments, other 
types of interface devices can be used With the reference 
sensor of the present invention. For example, interface 
devices such as a joystick, trackball, rotatable cylinder, steer 
ing Wheel, gamepad, or other types of mice can be used. For 
example, a joystick handle can include a member extending 
from its loWer section Which crosses a beam of an emitter 
detector. The closer the sensor is positioned to the actual 
manipulandum, the more accurate is the reference position 
sensed as an indication of actual manipulandum position. 

[0053] FIG. 4 is a How diagram illustrating a ?rst method 
200 of the present invention of sensing motion of a manipu 
landum of an interface device While compensating for slip 
page betWeen sensor and manipulandum. This method can be 
performed by program code running on the local micropro 
cessor, host computer, or other controlling device. 
[0054] The process begins at step 202. In a step 204, a 
device position delta (change from the last position) is deter 
mined from the position sensor. This is obtained by reading a 
current device position and ?nding the difference betWeen the 
current position and the last sensed device position. In step 
206, the process checks Whether a slip in position has been 
detected by using the reference sensor(s) described above. 
The details of determining if a slip has occurred are detailed 
beloW With respect to FIG. 5. This step also preferably pro 
vides the amount of slip that has occurred. If slip has not been 
detected, then in step 208 a computation value is determined 
using the position delta determined in step 204. The “compu 
tation value” is the position value that is used for displaying 
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and computation purposes, eg by the host computer, as 
opposed to the device position value Which is the position of 
the manipulandum in its Workspace. For example, a compu 
tation value can be determined in one embodiment by simply 
adding the sensed position delta to the previously-used com 
putation value to achieve the current computation value. 
Alternatively, the position delta can be factored into a more 
complicated computation value that depends also on other 
factors. For example, a ballistics algorithm can be used Which 
determines a computation value based on factors such as the 
manipulandum velocity and the location of the manipulan 
dum Within its Workspace. Some ballistics methods are 
described in greater detail in copending patent application 
Ser. No. 08/924,462, incorporated herein by reference. Once 
the computation value is determined, the process continues to 
step 214 Where the host computer’s display is updated based 
on the computation value, and other processes using the com 
putation value can be performed (force computation, etc.). 
For example, if the computation value is determined by a 
device processor, the computation value can be sent to the 
host computer as a cursor location Which updates the display 
of a cursor on the screen. Or, the motion of a displayed 
user-controlled entity or vieWpoint in a game or simulation 
can be updated. The process then returns to step 204. 

[0055] If slip has been detected in step 206, then in step 209 
the device updates the device position value using the amount 
of slip detected in step 206, and uses this as the current device 
position. This corrected device position alloWs the device to 
accurately determine When, for example, the manipulandum 
hits a limit to its Workspace. In step 210, the process deter 
mines the computation value Without the use of the position 
delta resulting from the slip updating in step 209. The slipped 
position delta from step 209 has been corrected and may 
include a large jump in position, and it is not desired to update 
the display screen in accordance With this jump since such a 
jump can be disconcerting to the user. For example, in sys 
tems Where the absolute position of the device is being used to 
position an object in a graphical environment having the same 
proportional dimensions, this discontinuity can be discon 
certing for the user. If the manipulandum position is displayed 
graphically as a graphical object on the display screen, then a 
sudden jump in the displayed location of the graphical object 
Will occur if the slippage is included in the computation value. 
Furthermore, if the manipulandum position is being used in 
force feedback embodiments for force computations, then a 
sudden, unexpected force change may occur that is noticeable 
to the user. Thus, the computation value in step 208 is deter 
mined Without using the slippage position delta determined in 
step 209 to prevent any signi?cant discontinuities from occur 
ring in computation value and in the display. In a simple case, 
this means that the last-computed computation value is sim 
ply used again as the current computation value, i.e. the 
display does not change. The current device position is still 
saved to be used as the “last” device position in the next 
iteration so that the next determined position delta is deter 
mined correctly. 
[0056] In next step 212, if the current position of the 
manipulandum indicates that the manipulandum is at a limit 
to its Workspace, then the computation value should be com 
pensated for this event. This compensation alloWs recovery of 
the situation in Which the device position is at one of its limits 
and the computation position has not reached a limit value 
(such as the edge of the screen). In such a case, Without 
compensation, the user Would try to continue to move the 
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cursor (or other object) toWards the edge of the screen, but 
could not since the manipulandum has encountered a hard 
limit to its motion. This situation can happen more frequently 
if the slip described herein is present in the device, since the 
slip increases any offset betWeen device position in its Work 
space and screen cursor position on the display screen. Fur 
thermore, the display from the computation value used in step 
210 may cause a greater offset. To mitigate this situation, the 
computation value can be modi?ed to alloW the user to con 
tinue to move the cursor When the manipulandum has reached 
a physical limit. For example, in one embodiment, rate con 
trol limits are provided, in Which the user can move the mouse 
into a border region of its Workspace; the amount of distance 
moved into the border region controls the rate of speed of 
motion of the cursor in a corresponding direction. In a differ 
ent embodiment, once the device reaches a predetermined 
distance to a limit, the remaining distance the cursor must 
travel to reach a screen limit is determined and an appropriate 
scaling factor is applied to the motion of the cursor to alloW it 
to reach the screen limit When the device limit is reached. 
These and other methods are described in greater detail in 
copending application Ser. No. 08/924,462, incorporated 
herein by reference. 
[0057] In next step 214, the computation value is used to 
update the display of the host computer and update other 
processes (force computation, etc.). The process then returns 
to step 204. 

[0058] FIG. 5 is a How diagram 230 illustrating the step 206 
of FIG. 4 in Which position slip is detected. The process 
begins at 232, and in step 234, the process checks Whether a 
signal edge is detected in the output of the reference sensor. 
The signal edge indicates that the sensing of a ?ag or refer 
ence location has occurred. If no signal edge is sensed, then 
no reference location has been sensed, and the process is 
complete at 236. If a signal edge has been detected, then in 
step 238 the process immediately reads a position value that 
corresponds With the signal edge from the position sensor and 
stores this position value (or the device position read in step 
204 of FIG. 4 can be used as the corresponding device posi 
tion if it Was read suf?ciently close in time to the signal edge). 
[0059] In step 240, the process determines Which reference 
location in the range of motion of the member 101 is being 
sensed. For example, three different reference locations are 
sensed in the embodiment of FIG. 3, including one side of the 
member 101 and the tWo sides of the aperture 126. Each 
reference location is associated With a stored reference posi 
tion value. To determine Which of these reference locations 
Was sensed, different methods can be used. In one method, the 
reference sensor can detect 2 different types of signal edges 
(rising or, falling edge), and the process can use the informa 
tion of Which type of edge Was detected to determine Which 
reference location is being sensed. Thus, the ?rst encountered 
reference location may produce a rising edge, the second 
location may produce a falling edge, and the third encoun 
tered location may produce a rising edge. The process can 
further examine the current direction of member 101 to help 
determine Which reference location Was sensed, eg the ref 
erence locations are encountered in a particular order depend 
ing on the direction of travel of the member 101. 

[0060] In next step 242, the process checks if it is the ?rst 
time that a reference location has been sensed. If it is the ?rst 
time, then the position value read at step 238 is stored at step 
244 to correspond to the identi?ed reference location and the 
process is complete at 236. In addition, a determination of no 



US 2008/0303789 A1 

slippage is assumed at this stage and returned to the main 
process of FIG. 4. Since there is only one position value 
knoWn to, correspond With the reference location, no com 
parison With previous positions at that location can be made, 
so that no slippage can be determined. In one preferred 
embodiment, a number of position values are stored for the 
?rst feW times that signal edges are ?rst detected before 
slippage is computed so that a stable, accurate reference 
location position is obtained. For example, the ?rst position 
value that does not signi?cantly deviate after ?ve consecutive 
sensings is established as the position value for that reference 
location, and only after that position is established does the 
process check for slippage starting at step 246. 
[0061] If it is not the ?rst time that the reference location 
has been sensed (or the position value for that reference 
location is otherWise established), then in step 246 the process 
compares the current position value to the most recent, pre 
viously stored position value for this reference location. In 
step 248, the slip amount is determined as the difference 
betWeen these position values. If the slip value is Zero, then it 
indicates that no slippage has occurred. If the slip value is a 
nonZero value, then some slippage has occurred, since a 
single reference location has been sensed at a different posi 
tion of member 101. In step 250, the process checks if the slip 
amount is greater than a predetermined threshold; this thresh 
old should at least be larger than the possible variation in the 
reference sensor position produced by the sensor device being 
used. If the slip 10 amount is less than the threshold, the slip 
amount is too loW to be Worth compensating, and no slip is 
considered to be detected at step 252. The process is then 
complete at 256. If the slip amount is greater than the thresh 
old in step 250, then in step 254 then slip is considered to have 
been detected, and all stored reference position values are 
updated With the slip amount. Since slip has occurred and the 
reference locations are noW being detected at a neW position, 
the stored reference positions for those locations must be 
updated so that any additional slip can be detected if it occurs. 
For example, the position values corresponding to all three 
reference locations in the embodiment of FIG. 3 are all 
updated by adding the slip amount to each position value; this 
prevents the same slip from being detected again When the 
next reference position on member 101 is detected. The pro 
cess is then complete at 256. 

[0062] A special case exists When the mechanical transmis 
sion that is used in the device skips only in discrete units. An 
example of this case is a gear drive transmission, such as 
shoWn in FIG. 3. When a transmission such as this is 
employed, it is knoWn that any slippage that occurs in the 
system Will be equivalent to a change of one discrete unit of 
the transmission. In a geared system, this means that any 
observed slips Will alWays be a certain number of gear teeth 
that have been jumped over. Since the number of position 
sensor counts that occur for each gear position is ?xed (call 
this value N), all actual slip in the system Will be in multiples 
of the value N. Since N is typically several sensor counts 
(When using a digital encoder sensor), this alloWs the detec 
tion of slip to be easier and the updating of reference position 
values to be more accurate. 

[0063] FIG. 6 is a How diagram illustrating a second 
method 280 of the present invention of sensing motion of a 
manipulandum of an interface device While compensating for 
slippage betWeen sensor and manipulandum. In this method, 
slippage is not ignored for computation value purposes, so 
that the screen display is correlated With slipped device posi 
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tion smoothly and the offset betWeen device position and 
screen display is corrected over time. Basically, small “cor 
rections” are applied to the device position delta values in 
order to reduce slippage error. These corrections are then also 
subtracted out of the error value. This process is continued 
until the error values are reduced to Zero and the actual 
manipulandum position matches the sensed manipulandum 
position. The result is that the computation value sloWly 
approaches the correct value as the error values are reduced. 
This alloWs this second method to be used in embodiments 
that are not using rate control borders, scaling, or other meth 
ods that alloW a user to continue to control a cursor after a 
device limit has been reached. This method can be more 
suitable for devices providing absolute position mapping 
With no great changes to computation position, such as in 
most joystick embodiments. 

[0064] The process begins at 282, and in step 284, the 
process determines the device position delta, similar to step 
204 of FIG. 4. In step 286, the process determines if slip has 
occurred, similar to step 206 of FIG. 4. If slip has occurred, 
then in step 288 an error value is set equal to the previous error 
value plus the current slip amount found in step 286 (the error 
value is initially set to Zero upon device start-up). The error 
value is thus a total indication of slip that has occurred during 
device operation, including slip amounts from previous slip 
page occurrences and adjustments from manipulandum 
movement (described beloW). After step 288, or if no slip has 
been detected in step 286, then step 290 is performed, in 
Which the process checks Whether the error value is currently 
is nonZero. If not, i.e. if the error value is Zero, then no 
slippage needs to be compensated for and in step 298 the 
position delta from step 284 is used to determine the compu 
tation value Without correction. The computation value can 
then be used for display purposes, force computation pur 
poses, etc. The process then returns to step 284. 

[0065] If the error value is nonZero in step 290, then in step 
292 the process checks Whether the manipulandum or mem 
ber 101) is moving. This check is performed so that compu 
tation value corrections do not cause disconcerting effects to 
the user that may occur if the manipulandum is not moving, 
eg the mouse may be stationary yet the cursor may be mov 
ing to correct for slippage. To avoid this, computation value 
corrections are preferably made only When the manipulan 
dum is moving. Thus, if the manipulandum is moving in step 
292, the process continues to step 298 to determine a compu 
tation value normally. If the manipulandum is moving, the 
process continues to step 294 to adjust the position delta 
(described beloW). In some embodiments, to alloW computa 
tion value corrections When a device limit has been reached 
(and the manipulandum is stationary), a check can be made 
for the amount of time that the manipulandum has been sta 
tionary. For example, if the manipulandum is stationary for a 
predetermined number of iterations, then the manipulandum 
can be considered moving. A check can also be made Whether 
the manipulandum is positioned at a device limit. 

[0066] In step 294, the position delta determined in step 284 
is adjusted based on the error value. This can be implemented 
in many Ways. For example, in one embodiment, the position 
delta can be adjusted by adding or subtracting a predeter 
mined number of counts (or other sensor measurement units) 
to the current device position, thereby changing the position 
delta, to compensate for the slippage. The number of counts is 
preferably small enough so that the adjustment is not easily 
noticed by the user. This may cause the slippage error to be 
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fully corrected only after multiple iterations of the process 
280, since the error value could be much larger than the 
adjustment made. However, such sloW correction is desired to 
prevent the user from noticing the correction process. 
[0067] Alternatively, the adjustment can be proportional to 
the siZe of the current error value, Where larger error values 
cause larger adjustments (With a maximum limit to the siZe of 
the adjustment so that the user Will not easily notice the 
adjustments). In some embodiments, each adjustment or cor 
rection in the loop, of method 280 can depend on the current 
manipulandum position in its Workspace. For example, if the 
manipulandum is moved by the user to an actual position that 
Would increase the slippage amount (if the incorrect sensed 
position Were held stationary), then a greater adjustment can 
be applied. If, hoWever, the manipulandum is moved by the 
user to an actual position that Would decrease the slippage 
amount (if the incorrect sensed position Were held stationary), 
then a smaller correction can be applied, since the manipu 
landum motion is already helping to decrease the slippage 
error by being in the direction of decreasing the slippage 
delta. 
[0068] After step 294, the process adjusts the error value by 
the amount of the adjustment made in step 294. Thus, if 10 
counts Were added to the position delta in step 294, the error 
value can be reduced by 10 counts. The process then contin 
ues to step 298 to determined a computation value that is 
based on the adjusted position delta. This alloWs the graphical 
display (and other computations based on device position) to 
be correlated With a device position that is sloWly being 
corrected to remove slippage error. At some iteration, the 
error value has been reduced in siZe suf?ciently so that the last 
adjustment at step 296 causes the error value to be Zero, and 
slippage error has been eliminated from the system. 
[0069] While this invention has been described in terms of 
several preferred embodiments, it is contemplated that alter 
ations, permutations and equivalents thereof Will become 
apparent to those skilled in the art upon a reading of the 
speci?cation and study of the draWings. For example, many 
different types of interface devices, both force feedback and 
non-force feedback, may be used With the position sensing 
techniques described herein. Furthermore, certain terminol 
ogy has been used for the purposes of descriptive clarity, and 
not to limit the present invention. It is therefore intended that 
the folloWing appended claims include alterations, permuta 
tions, and equivalents as fall Within the true spirit and scope of 
the present invention. 

That Which is claimed is: 
1. A method comprising: 
determining a device position delta from a sensed position 

of a manipulandum of an interface device in a degree of 
freedom, the position delta indicating a change in an 
actual position of the manipulandum; 

determining if a position slip has occurred in a position 
sensing system, the position slip caused by a change in 
position of the manipulandum not sensed by a sensor of 
the interface device; and 

correcting an error in the sensed position caused by the 
position slip by adjusting the sensed position to take into 
account the position slip, and using the adjusted position 
as the actual position of the manipulandum. 

2. A method as recited in claim 1 Wherein the determining 
if the position slip has occurred comprises checking a refer 
ence signal from a reference sensor coupled to the interface 
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device, the reference sensor detecting a position of a refer 
ence location of the manipulandum. 

3. A method as recited in claim 1 further comprising deter 
mining a computation value from the device position delta, 
and outputting the computation value. 

4. A method as recited in claim 3 further comprising dis 
regarding the position slip When determining the computation 
value. 

5. A method as recited in claim 1 further comprising using 
the sensed position of the manipulandum as the actual posi 
tion of the manipulandum if the manipulandum is not moving 
in the degree of freedom. 

6. A method as recited in claim 1 Wherein the position slip 
comprises slip caused by a mechanical transmission coupled 
betWeen the sensor and the manipulandum. 

7. A method as recited in claim 6 Wherein the mechanical 
transmission comprises a drive selected from the group con 
sisting of a gear drive, a belt drive, and a capstan drive. 

8. A device comprising: 
a manipulandum movable in at least one degree of free 

dom; 
a position sensor operative to detect a position of the 
manipulandum in the at least one degree of freedom; 

a mechanical transmission coupled betWeen the manipu 
landum and the position sensor; and 

a reference sensor operative to detect a motion of at least 
one reference location of the manipulandum. 

9. A device as recited in claim 8 Wherein the mechanical 
transmission comprises a gear drive. 

10. A device as recited in claim 8 Wherein the mechanical 
transmission comprises a belt drive. 

11. A device as recited in claim 8 Wherein the position 
sensor comprises a relative digital encoder. 
12.A device as recited in claim 8 further comprising a local 

microprocessor, the local microprocessor operable to receive 
the reference signal and operable to adjust the detected posi 
tion of the manipulandum if the position slip has occurred. 

13. A device as recited in claim 12 Wherein the local micro 
processor is operable to determine a computation value from 
a position dclta determined from the position, adjusting the 
computation value if the position slip has occurred, the com 
putation value. 

14. A computer-readable medium on Which is encoded 
program code to cause a processor to execute a method, 
comprising: 

determining a device position delta from a sensed position 
of a manipulandum of an interface device in a degree of 
freedom, the position delta indicating a change in an 
actual position of the manipulandum; 

determining if a position slip has occurred in a position 
sensing system, the position slip caused by a change in 
position of the manipulandum not sensed by a sensor of 
the interface device; and 

correcting an error in the sensed position caused by the 
position slip by adjusting the sensed position to take into 
account the position slip, and using the adjusted position 
as the actual position of the manipulandum. 

15. The computer-readable medium as recited in claim 14 
Wherein the determining if the position slip has occurred 
comprises checking a reference signal from a reference sen 
sor coupled to the interface device, the reference sensor 
detecting a position of a reference location of the manipulan 
dum. 
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16. The computer-readable medium as recited in claim 14 
further comprising determining a computation value from the 
device position delta, and outputting the computation value. 

17. The computer-readable medium as recited in claim 16 
further comprising determining a force having a magnitude 
and a direction at least partially based on the computation 
value, and outputting the force With an actuator disposed 
Within the interface device. 

18. The computer-readable medium as recited in claim 14 
further comprising performing the determining a device po si 
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tion, the determining if a position slip has occurred, and the 
correcting an error over a plurality of iterations, and adjusting 
the sensed position by an amount Which gradually reduces the 
error in the sensed position over the plurality of iterations. 

19. The computer-readable medium as recited in claim 14 
further comprising using the sensed position of the manipu 
landum as the actual position of the manipulandum if the 
manipulandum is not moving in the degree of freedom. 

* * * * * 


